Contextual flanks’ tilting and magnitude of illusion of extent  by Bulatov, Aleksandr et al.
Vision Research 51 (2011) 58–64Contents lists available at ScienceDirect
Vision Research
journal homepage: www.elsevier .com/locate /v isresContextual ﬂanks’ tilting and magnitude of illusion of extent
Aleksandr Bulatov ⇑, Algis Bertulis, Lina Mickiene˙, Tadas Surkys, Arunas Bielevicˇius
Institute of Biology, Kaunas University of Medicine, Mickevicˇiaus 9, LT-44307 Kaunas, Lithuania
a r t i c l e i n f o a b s t r a c tArticle history:
Received 19 July 2010
Received in revised form 28 September
2010
Keywords:
Visual illusion
Distracter tilting
Perceptual positional shift
Centroid0042-6989/$ - see front matter  2010 Elsevier Ltd. A
doi:10.1016/j.visres.2010.09.033
⇑ Corresponding author.
E-mail address: bulatov@vision.kmu.lt (A. BulatovThe ‘‘centroid” explanation of the Müller–Lyer and similar illusions of extent supposes the perceptual
positional shifts of the stimulus terminators in direction of the centers-of-masses of adjacent contextual
ﬂanks. In the present study, the validity of the assumption was tested in psychophysical examination of
illusory ﬁgures comprising the Müller–Lyer wings or arcs of a circle as the contextual objects. In exper-
iments, the illusion magnitude changes evoked by the tilting of stimulus ﬂanks have been measured. A
good resemblance between the experimental data and theoretical predictions was obtained that strongly
supports the idea of local positional shifts and serves in favor of ‘‘centroid” explanation of illusions
investigated.
 2010 Elsevier Ltd. All rights reserved.1. Introduction
The results of a considerable number of studies of the Müller–
Lyer and related illusions of extent lead to a suggestion that the
perceived distortions of length may be caused by the local posi-
tional shifts of the stimuli terminators (e.g., the vertices of the
wings in the Müller–Lyer ﬁgures) rather than by a homogeneous
expansion or contraction of the ﬁgures shafts as predicted by the
‘‘perspective” theories (Gregory, 1968; Barrow & Tenenbaum,
1981; Nichols & Kennedy, 1993; Redding, Kramen, & Hankins,
1997; Gillam, 1998; Redding & Parkinson, 2002; Nanay, 2009)
which are based on the 3-D interpretation of the ﬂat drawings. It
has been shown in experiments with the distance markers placed
at various positions along the shaft that the inequalities of per-
ceived length occurred only for the segments adjacent to the
wings–shaft intersections (Morgan, Hole, & Glennerster, 1990).
More recently, the suggestion on the terminators biases was con-
ﬁrmed in experiments with the Müller–Lyer and Judd ﬁgures di-
vided by subjects into eight equal-appearing segments (Post,
Welch, & Cauﬁeld, 1998). Signiﬁcant positional shifts in the shaft
end-point were obtained for the Müller–Lyer ﬁgure with the wings
positioned on only one side of the shaft (Welch, Post, Lum, & Prinz-
metal, 2004). The results of experiments with attaching of shading
to the Müller–Lyer and Judd ﬁgures were found fully consistent
with the explanations of the illusion in terms of misperceived loca-
tions of the shaft-endings due to the obliquely intersecting ﬁn lines
(Zanker & Abdullah, 2004).ll rights reserved.
).The perceptual positional shifts may occur due to various cues
in objects’ luminance proﬁles (e.g., the peaks, or points of inﬂexion,
or zero crossings) which can be used by the visual system in deter-
mining the relative positions of the objects (McGraw, Whitaker,
Badcock, & Skillen, 2003; Morgan, 2010). Previous psychophysical
studies have suggested most likely candidates for the ‘‘location
tags” – the weighted means (centers-of-masses or centroids) of
the stimuli envelopes (Ward, Casco, & Watt, 1985; Morgan & Aiba,
1985; Whitaker & Walker, 1988; Morgan & Glennerster, 1991;
Hirsch & Mjolsness, 1992; Bocheva & Mitrani, 1993; Badcock, Hess,
& Dobbins, 1996; Whitaker, McGraw, Pacey, & Barrett, 1996; Whi-
taker & McGraw, 1998; Seizova-Cajic & Gillam, 2006). The studies
have assumed that the judgments of distance between visually dis-
tinguishable elements, which belong to separate clusters of ele-
ments, are strongly biased by the processes of neural
computation of the centroids of the luminance distributions within
the clusters.
Applying the concept of centroid biases to the Müller–Lyer and
similar illusions of extent, Morgan et al. (1990) argued that the vi-
sual system fails to isolate the ﬁgure terminators (shaft end-points,
or wings apexes) from the neighboring contextual ﬂanks (wings
themselves), therefore, the judgments of the distances between
the ﬁgure’s terminators are biased toward the distances between
the centroids of the adjacent ﬂanks. The similar approach in expla-
nation was successfully applied to the experimental results with
the Poggendorff (Morgan, 1999), the Ponzo (Searleman, Porac, &
Sherman, 2004), and the horizontal–vertical illusion (Searleman,
Porac, & Brzuszkiewicz, 2003). The results of experiments with
extraneous dots placed near the wings–shaft intersections
(Searleman, Porac, Dafoe, & Hetzel, 2005) have strongly sup-
ported the suggestion on centroid extraction mechanism and
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altered signiﬁcantly when the non-target dots were positioned
within a 2–3 visual angle radius around the ﬁgure shaft end-
points (for ﬁgure size about 9). Recently, the inﬂuence of stimulus
manipulations of the center-of-mass on the magnitude of the illu-
sion was conﬁrmed in experiments with the modiﬁed Brentano ﬁg-
ures representing various combinations of spots and line segments
(Bulatov, Bertulis, Bulatova, & Loginovich, 2009b; Bulatov, Bertulis,
Gutauskas, Mickiene, & Kadziene, 2010). In addition, the depen-
dence of parameters of saccadic scans on the center-of-mass alter-
ations has been demonstrated in experiments with eye movements
recording over the Müller–Lyer ﬁgures (DeLucia, Longmire, &
Kennish, 1994; Binsted & Elliot, 1999; Glister & Kuhtz-Buschbeck,
2010).
The crucial point of the ‘‘centroid” explanation is that it implies
the shifts of the stimulus terminators in direction of centers-
of-masses of the ﬂanks (Fig. 1, upper), therefore, the illusion mag-
nitude (deﬁned as the difference in physical length of stimulus
intervals after their perceptual adjustment) can be estimated by
the formula:
D ¼ R L ¼ ð0:5T þ sR þ sCÞ  ð0:5T  sL  sCÞ
¼ sL þ sR þ 2sC ð1Þ
where sL, sC, and sR are the perceptual positional shifts of the left,
central, and right stimulus terminators (vertices of the wings),
respectively; T is the stimulus length, i.e., the distance between
the left and right terminators.
Formula (1) provides an assessment of illusion magnitude for
the perceptual positional shifts caused by the ﬂanks which cen-
ters-of-masses are collinear with the stimulus terminators (i.e.,
they lay on the stimulus axis along which the distances are
judged). Also, Formula (1) suggests, a few straightforward predic-
tions for the illusory ﬁgures with tilted ﬂanks in which centers-
of-masses do not coincide with the stimulus axis. In such ﬁgures,
the illusion magnitude should be proportional to the projection
of terminator’s actual positional shift onto the axis, i.e., the magni-
tude should be modulated by the cosine function of tilt angle ofFig. 1. Schematic diagrams illustrating estimation of illusion magnitude by
Formulas (1) and (2). The upper part represents the Brentano ﬁgure (having no
shaft line) with horizontally oriented contextual ﬂanks. Crosses indicate ﬂanks’
centroids; sL, sC, and sR are the perceptual positional shifts of the left, central, and
right stimulus terminators (wings vertices), respectively. For simplicity, the shifts
and centroids’ positions are shown to be exaggerated and coincident with each
other. The perceived lengths of the left and right stimulus intervals are designated
as L and R, correspondingly. The lower part represents the ﬁgure with tilted (/)
ﬂanks; s0L , s0C , and s0R are shifts’ projections onto stimulus axis.ﬂank’s bisector (Fig. 1, lower). Consequently, the rotation of three
stimulus ﬂanks around the corresponding terminators should
evoke changes of the illusion magnitude by the cosine law:
D0 ¼ R0  L0 ¼ ð0:5T þ s0R þ s0CÞ  ð0:5T  s0L  s0CÞ
¼ ðsL þ sR þ 2sCÞ cosð/Þ  4s cosð/Þ ð2Þ
where s represents an averaged positional shift in the ideal case of
sL  sC  sR.
In turn, the rotation of only one contextual ﬂank should provide
somewhat different strength of modulation of the illusion magni-
tude. For the central ﬂank tilting, the illusion magnitude variations
can be described as:
DC ¼ ðsL þ sRÞ þ 2sC cosð/Þ  2s½1þ cosð/Þ ð3Þ
And for one of the lateral ﬂanks (e.g., left), it should be:
DL ¼ ðsR þ 2sCÞ þ sL cosð/Þ  s½3þ cosð/Þ ð4Þ
Thus, according to Formulas (2)–(4), the maximum value of the
illusion magnitude should be the same in all three cases, however,
the depth of the cosine modulation – the ratio of cosine amplitude
to the sum of the amplitude and the constant component – should
decrease from
D0 ¼ sL þ sR þ 2sC
sL þ sR þ 2sC ¼ 1 ðtilting of all three flanksÞ; ð5Þ
to about
DC ¼ 2sCðsL þ sRÞ þ 2sC 
2s
2sþ 2s ¼ 0:5
ðtilting of only the central flankÞ; ð6Þ
and to about
DL ¼ sLðsR þ 2sCÞ þ sL 
s
3sþ s ¼ 0:25
ðtilting of only the left flankÞ ð7Þ
Also, the ‘‘centroid” explanation predicts that the cosine pattern
of the illusion’s magnitude modulation should be the same for
rotation of the ﬂanks of any shape (i.e., it should not depend on
the particular law by which stimulus terminators are perceptually
biased), and can differ only in the modulation amplitude.
To verify the predictions, we have performed a psychophysical
study of the illusory effects induced by two different types of con-
textual ﬂanks (distracters): the Müller–Lyer wings and arcs of a cir-
cle (Fig. 2). In the ﬁrst case, the stimuli represented ordinary
Brentano patterns (having no shaft line) with the terminators
(apexes of the wings) which were physically inseparable from
the distracters, i.e., from the lines forming the wings themselves.
In the second case, on the contrary, the stimuli terminators were
the separate spots located in the centers of the arcs (distracters).
For both types of distracters, we used the same experimental pro-
cedures with identical sets of the independent variable, the tilt an-
gle (/) of ﬂank’s bisector relatively to stimulus axis. The aim of the
present study was to test the validity of the assumption underlying
the ‘‘centroid” explanation of illusions of extent – the perceptual
positional shift of stimulus terminators in direction of centroids
of adjacent contextual ﬂanks. Therefore, the detailed comparison
of different approaches in illusion explanations was left beyond
of scope of the present communication.
2. Methods
2.1. Subjects
University teachers and students: LM, AB, RB, and BEwere tested
in the experiments (mean age 35 years, SD = 4.3). All observers
Fig. 2. Examples of stimuli with different types of contextual ﬂanks: the
Müller-Lyer wings and arcs of a circle. Upper two rows illustrate counter-rotation
of the ﬂanks (the tilting of the central ﬂank was varying as 180  /, i.e., oppositely
to the tilting of the lateral ﬂanks), whereas lower rows represent identical-rotation
(the central ﬂank was tilted as 180 + /, i.e., in direction identical to that of the
lateral ﬂanks). Dashed lines, the dimensions were not part of the actual display.
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tions. Subjects RB and BE were naïve with respect to the goal of the
study. All subjects gave their informed consent before taking part
in the experiments which were performed in accordance with
the ethical standards of the 1964 Helsinki Declaration.
2.2. Stimuli
The horizontal stimuli were presented monocularly in the cen-
ter of a round-shaped background of 4 in diameter and 0.4 cd/m2
in luminance. In the stimuli, just three separate clusters compris-
ing stimulus terminators (wings vertices or spots) and contextual
ﬂanks (Müller–Lyer wings or arcs of a circle) were arranged
according to the Brentano pattern; the shaft line was absent
(Fig. 2). For the stimuli drawings, the Microsoft GDI + antialiasing
technique was applied to produce smooth lines of the wings and
arcs. The diameter of the spots and the width of the lines in the
wings and arcs were 1.5 min of arc; their luminance was 75 cd/
m2. In the experiments, the length of the stimuli (the distance, T
between the lateral terminators) was 120 min of arc. The wings
of the Brentano ﬁgure were constant in length (8 min of arc) and
formed an angle of 90; the radius of the arcs was 12 min of arc,
and the angle was 180 (half of a circle).
2.3. Procedure
The experiments were carried out in a dark room. A Sony SDM-
HS95Pmonitor was used for the stimuli presentations. A Cambridge
Research Systems OptiCAL photometer was applied for the monitor
luminance range calibration and gamma correction. The distance
between the subject’s eye and the screen was 400 cm. A chin-
holder was used to avoid movements of the head, and an artiﬁcial
pupil (an aperture with the 3 mm diameter) was applied to reduceoptical aberrations. The right eye was always tested irrespective of
whether or not it was the leading eye. The experiments were con-
ducted under control of computer software of our design arranging
the order of the stimuli, presenting them on the monitor, introduc-
ing alterations according to the subject’s command, recording the
subject’s responses, and handling the results.
To establish functional dependence of the illusion magnitude on
the tilt angle of the distracters, the bisection procedure was used.
The subjects were asked to manipulate the keyboard buttons
‘‘ ”and ‘‘?” to move the central terminator (together with the
adjacent ﬂank) into a position that makes both stimulus intervals
perceptually equal in length. A single button push varied the posi-
tion of the terminator by one pixel corresponding approximately to
0.25 min of arc. The initial length differences between the left and
right stimulus intervals were randomized and distributed evenly
within a range of ±5 min of arc.
Observation time was not limited; observers’ eye movements
were not registered. The difference in physical length between
the left and right intervals of the stimulus, determined after the
perceived equality was achieved, was considered as the value of
the illusion magnitude.
Eighty stimulus presentations were included in a single experi-
mental run, i.e., 40 randomly distributed values of the independent
variable were taken twice. A single experimental run usually lasted
about half an hour. Each observer carried out at least ﬁve experi-
mental runs on different days. Ten trials went into each data point
analysis, and in the data graphs, the error bars depict ± one stan-
dard error of the mean (SEM).
Four series of experiments have been performed. In the ﬁrst two
series of the experiments, the tilt angle of bisectors of the lateral
ﬂanks, / was randomly varied from 0 to 360 by the 9.2 steps.
In the ﬁrst series, the tilt angle of the central ﬂank varied as
180  / (counter-rotation presentations, Fig. 2, two upper rows),
whereas in the second series, it varied as 180 + / (identical-rota-
tion presentations, Fig. 2, two lower rows). In the third series of
experiments, the orientation of the lateral ﬂanks was ﬁxed at 0,
and the orientation of the central ﬂank was changed as 180  /.
In the fourth series, the orientation of the left ﬂank varied, and
the orientations of the right and central ﬂanks were ﬁxed at 0
and 180, respectively.3. Results
3.1. Tilting of all three contextual ﬂanks
The aim of the ﬁrst and second series of experiments was to
determine quantitatively the magnitude of the illusion of extent
as function of tilting of the contextual ﬂanks under different modes
(counter-rotation and identical-rotation) of stimulus presentation.
According to Formula (2), a simple cosine modulation (i.e., having
no constant component) of the illusion magnitude for both types of
distracters (the Müller–Lyer wings and arcs of a circle) was
expected.
For all subjects, the experimental results showed the curves of
the cosine type with parts comprising positive and negative values
(Fig. 3, circles).
For both types of contextual ﬂanks, the illusions’ extreme values
(about ±9–16 min of arc) were established with the horizontal ori-
entation of the ﬂanks bisectors (0 for the lateral ﬂanks and 180
for the central one, or vice versa). The illusion magnitude dimin-
ished when the ﬂanks declined from the horizon and decreased
to zero when the tilt angle approached 90 or 270 (vertical orien-
tations of the ﬂanks bisectors). The paired t-test was applied at
each data point in the set of the independent variable (the tilt angle
of the contextual ﬂanks, /) to compare the results of the two
Fig. 3. Illusion magnitude as a function of the tilt angle of two types of distracters: the Müller-Lyer wings (A) and arcs of a circle (B). Circles, the rotational displacement of all
three contextual ﬂanks by using counter-rotation (open) and identical-rotation (ﬁlled) stimulus presentation modes. Squares and triangles, tilting of only the central or left
ﬂank, respectively. Solid curves show the least squares ﬁts of Eq. (8). Error bars, ± one standard error of the mean (SEM). Subjects: LM, AB, RB, and BE.
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ences (for the vast majority of the data points, p > 0.05) between
the experimental data obtained by the two presentation modes
both with the stimuli comprising the Müller–Lyer wings
(Fig. 4A), and with those having the contextual arcs (Fig. 4B).3.2. Tilting of a single ﬂank
In the third and fourth series of experiments, the orientation of
either the central or one of the lateral contextual ﬂanks of illusory
ﬁgures varied from 0 to 360 in the 9.2 steps. The other two
ﬂanks were ﬁxed horizontally. According to Formulas (3) and (4),
we expected the appearance of a constant component in the illu-
sion magnitude together with the decrease of the amplitude of co-
sine modulation.
For both types of distracters, the results of the third series of
experiments (tilting of only the central ﬂank) showed the curves
similar to cosine shifted along the ordinate axis due to consider-
able constant component of illusion magnitude (Fig. 3, squares).
As in previous two series, the values of the illusion maxima wereabout 9–16 min of arc for both types of illusory ﬁgures. However,
here the modulation of illusion’s magnitude decreased (approxi-
mately twice) compared with the results of the ﬁrst and second
series. The illusion minimum was obtained when the orientation
of the central contextual ﬂank was the same as that of the lateral
ﬂanks, i.e., 0 (since the tilt angle of the central ﬂank varied as
180  /, in this situation, the value of the independent variable,
/ was equal 180).
In the fourth series (with the left ﬂank tilting only), the ampli-
tude of the cosine modulation of the illusion magnitude was still
more reduced, and the value of the constant component increased
substantially (Fig. 3, triangles). For both types of distracters, the
values of the illusion maxima were approximately the same as in
the previous three series. The illusion minimum was established
when the left and central ﬂanks had the same orientation (180).3.3. Data ﬁtting
To check our predictions, we have ﬁtted the experimental data
with the function:
Fig. 4. The results of paired t-test applied to the experimental data (Fig.3, circles) for two types of distracters: the Müller-Lyer wings (A) and arcs of a circle (B). Subjects: LM
(circles), AB (squares), RB (triangles), and BE (asterisks).
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where I(/) represents illusion magnitude, A and B are free parame-
ters representing the constant component and the amplitude of co-
sine, respectively. To ﬁt the experimental data, the method of least
squares was used. A good resemblance between the computational
and experimental results for all subjects was obtained (Fig.3, solid
curves; Table 1). As it has been expected (Formula (2)), the changesTable 1
The resulting parameters of ﬁtting Eq. (8) to experimental data.a.
Flank
type
Tilting
ﬂanks
Parameters Subjects
LM AB
Wings All A 0.34 ± 0.45
(0.03 ± 0.34)
0.02 ± 0.32
(0.12 ± 0.31)
B 15.12 ± 0.61
(14.77 ± 0.47)
11.24 ± 0.44
(10.99 ± 0.43)
R2 0.99 (0.99) 0.99 (0.99)
D 0.98 ± 0.02
(0.99 ± 0.01)
0.99 ± 0.01 (0.99 ± 0
Central A 7.63 ± 0.4 5.51 ± 0.18
B 7.68 ± 0.55 5.37 ± 0.25
R2 0.95 0.98
D 0.5 ± 0.01 0.49 ± 0.01
Left A 10.77 ± 0.32 7.91 ± 0.2
B 3.02 ± 0.44 2.31 ± 0.28
R2 0.84 0.88
D 0.22 ± 0.04 0.23 ± 0.03
Arcs All A 0.7 ± 0.58 (0.39 ± 0.62) 0.24 ± 0.4 (0.65 ± 0.
B 16.33 ± 0.81
(15.25 ± 0.86)
8.26 ± 0.56
(8.01 ± 0.41)
R2 0.98 (0.97) 0.96 (0.98)
D 0.96 ± 0.03
(0.98 ± 0.02)
0.97 ± 0.03 (0.93 ± 0
Central A 7.2 ± 0.49 4.42 ± 0.21
B 8.51 ± 0.69 4.2 ± 0.29
R2 0.94 0.96
D 0.54 ± 0.01 0.49 ± 0.01
Left A 10.35 ± 0.35 5.8 ± 0.23
B 3.0 ± 0.45 2.0 ± 0.32
R2 0.8 0.81
D 0.22 ± 0.05 0.25 ± 0.05
a In parentheses, the results for the identical-rotation mode of stimuli presentations;
illusion magnitude, respectively; R2, coefﬁcient of determination; D = B/(A + B), the cos
formula: DD ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
@D
@ADA
 2 þ @D@B DBÞ2
 r
.of illusion magnitude obtained in ﬁrst two series of experiments (all
three ﬂanks were tilted) can be completely described just by varia-
tions of the cosine of ﬂank’s tilt angle. We believe that slight sys-
tematic biases of the experimental curves along the ordinate axis,
i.e., non-zero value of the parameter A, may be explained by the
inherent inaccuracy (the errors of habituation and anticipation) of
the method of stimulus bisection (adjustment) used in our
experiments.Averaged data
RB BE
0.51 ± 0.46
(0.35 ± 0.45)
2.13 ± 0.38
(1.46 ± 0.2)
0.48 ± 0.29
(0.41 ± 0.22)
13.94 ± 0.65
(14.56 ± 0.63)
11.4 ± 0.53
(11.67 ± 0.28)
12.92 ± 0.41
(13.0 ± 0.31)
0.98 (0.98) 0.98 (0.99) 0.99 (0.99)
.01) 0.97 ± 0.03
(0.98 ± 0.02)
0.84 ± 0.04
(0.89 ± 0.02)
0.96 ± 0.04
(0.97 ± 0.03)
8.11 ± 0.39 6.46 ± 0.23 6.93 ± 0.17
5.96 ± 0.54 5.99 ± 0.32 6.25 ± 0.24
0.93 0.98 0.99
0.42 ± 0.02 0.48 ± 0.01 0.47 ± 0.01
8.42 ± 0.41 9.58 ± 0.16 9.17 ± 0.2
2.6 ± 0.58 2.79 ± 0.22 2.68 ± 0.27
0.69 0.94 0.91
0.24 ± 0.06 0.23 ± 0.02 0.23 ± 0.03
3) 0.38 ± 0.54
(0.18 ± 0.72)
0.15 ± 0.52
(0.23 ± 0.47)
0.37 ± 0.44
(0.36 ± 0.45)
14.92 ± 0.76
(15.36 ± 1.0)
11.5 ± 0.73
(10.04 ± 0.66)
12.75 ± 0.61
(12.17 ± 0.63)
0.98 (0.96) 0.96 (0.96) 0.98 (0.98)
.03) 0.98 ± 0.02
(0.99 ± 0.01)
0.99 ± 0.01
(0.98 ± 0.02)
0.97 ± 0.03
(0.97 ± 0.03)
6.34 ± 0.34 5.36 ± 0.26 5.9 ± 0.2
7.03 ± 0.48 4.3 ± 0.37 6.13 ± 0.28
0.96 0.94 0.98
0.53 ± 0.01 0.45 ± 0.02 0.51 ± 0.01
10.89 ± 0.4 7.36 ± 0.25 8.6 ± 0.18
2.01 ± 0.56 3.15 ± 0.35 2.53 ± 0.25
0.58 0.9 0.92
0.16 ± 0.06 0.3 ± 0.03 0.28 ± 0.03
A and B represent the constant component and amplitude of cosine modulation of
ine modulation depth (the standard-error estimations were obtained by using the
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tional shift hypothesis had been obtained in the second series of
experiments (identical-rotation mode of stimuli presentations),
though it was not quantitatively analyzed in the present study.
For all cases of ﬂanks’ tilting from the horizon, the observers re-
ported that the imaginary line connecting stimulus terminators
seemed to be slightly broken. The direction of the fracture and
its value depended on distracters’ mutual tilting with the fracture
maximum achieved at opposite vertical orientations of the central
and lateral ﬂanks. Such result is fully consistent with the assump-
tion on perceptual biases of stimulus terminators and, also, with
our previous ﬁndings in the study of the inﬂuence of distracting
ﬂanks on vernier alignment (Bertulis, Bulatov, & Bielevicius, 2008).
Decrease of the amplitude of cosine modulation of illusion’s
magnitude with the corresponding increase of the constant com-
ponent (the third and fourth series of experiments) conﬁrms the
Formulas (3) and (4) predictions: the modulation depths (i.e., the
ratio of the amplitude of modulation and the sum of the amplitude
of modulation and the constant component) of the illusion magni-
tude are close to 0.5 and 0.25, respectively.4. Discussion
The data obtained in the present experiments demonstrate that
the tilting of the contextual ﬂanks (either the Müller–Lyer wings or
arcs of a circle) in the Brentano type of illusory ﬁgure evoke an in-
crease and decrease of the illusion magnitude with clear resem-
blance to the cosine function. We have tested the theoretical
predictions described in Introduction, and found that Eq. (8) ﬁts
properly all variations of illusion magnitude shown by all subjects
for both types of distracters (Fig. 3, solid curves).
Such a result is consistent with the suggestion on the local posi-
tional shifts of stimulus terminators as a reason of illusion emer-
gence. However, an essential simpliﬁcation has been applied in
our approach and it may cause a certain inaccuracy in estimations.
The illusory ﬁgures used in experiments consisted of three clusters
of ﬁgural elements the positions of which relative to the fovea cen-
ter were, generally, different. Thus, the values of perceptual posi-
tional shifts of the different stimulus terminators can also be
different. Nevertheless, assuming the subjects in our experiments
(which were performed without any ﬁxation point) being free to
move their gaze with the same probability toward each stimulus
terminator and, also, averaging the experimental data over all sub-
jects (with aim to diminish the inﬂuence of individual peculiarities
of stimulus observation), we supposed that sL  sC  sR and haveFig. 5. Illusion magnitude as a function of the tilt angle of two types of distracters:
participated in experiments. Circles, the tilting of all three contextual ﬂanks by using c
Squares and triangles, tilting of only the central or left ﬂank, respectively. Solid curves shoconsidered the same averaged positional shift, s for all three stim-
ulus terminators. An indirect justiﬁcation for this choice can be
seen in the values of ratios of modulation depths for the data
obtained for the stimuli with different number of tilting ﬂanks.
Indeed, accordingly to Formulas (5)–(7) the calculated ratios are
D0 Dc ¼ 1þ sL þ sR2sC

 2; D0 DL ¼ 1þ 2sC þ sRsL

 4;
and DC DL ¼ 1þ 2sCsL

 2 ð9Þ
and the averaged experimental results (Fig. 5) demonstrate: D0/DC –
2.04 ± 0.1, 1.9 ± 0.12; D0/DL – 4.28 ± 0.7, 4.27 ± 0.77; DC/DL – 2.1 ±
0.3, 2.25 ± 0.31 for stimuli with the Müller–Lyer wings and circle
arcs, respectively.
Thus, irrespective of the simpliﬁcation mentioned, we believe
that the results of the present study support the validity of the
assumption of the local positional shifts being the reason of the
investigated illusions. Recently, referring to the ‘‘centroid” hypoth-
esis, we have developed a computational model of automatic cen-
troid extraction (Bulatov et al., 2009b, 2010) which was applied
successfully to the Brentano type of illusory ﬁgures with contex-
tual ﬂanks comprising different structural elements: either the
Müller–Lyer wings, or vertical stripes, or pairs of spots. The model
was examined by varying spatial parameters of the ﬂanks: the
length and angle of the wings, height of the stripes, spot-to-stripe,
and spot-to-spot distances. Also, earlier version of the model was
used to explain the inﬂuence of distracting ﬂanks on the vernier
alignment and right-angle adjustment in three-spot stimuli
(Bertulis et al., 2008; Bulatov, Bertulis, Bielevicius, & Loginovich,
2009a). The base suggestion underlying the modeling is that the
visual system identiﬁes the position of the stimulus terminator
with the position of the centroid of the integrated neural activation
evoked by cluster of neighboring stimulus elements, therefore, the
terminator appears to be perceptually shifted. The relative shifts of
the three stimulus terminators lead to misestimating of the spatial
intervals ﬂanked by the contextual objects what, in turn, causes the
illusion. In agreement with the suggestion, alterations of the posi-
tions of ﬂanks’ centroids should in a systematic way affect the
judgments of perceived length. Indeed, as the experiments of the
present study demonstrate, the tilting of contextual ﬂanks show
the cosine modulation of illusion magnitude and the cosine nature
of illusion changes do not depend on a particular shape of the
ﬂanks.
Earlier, the rotation of arrows and fork junctions in the illusory
ﬁgures was used in experiments which explored the hypothesisthe Müller-Lyer wings (A) and arcs (B). The averaged data over all four subjects
ounter-rotation (open) and identical-rotation (ﬁlled) stimulus presentation modes.
w the least squares ﬁts of Eq. (8). Error bars, ±one standard error of the mean (SEM).
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as linear perspective drawings depicting right-angle convex and
concave 3-D corners positioned in front of and behind the picture
plane, respectively (Redding & Hawley, 1993; Redding et al., 1997;
Redding and Parkinson, 2002). According to the prediction of the
‘‘perspective” theory, decrease of illusion strength in drawings of
virtually rotated corners was expected: rotation moves the corner
closer to the picture plane and requires change in virtual size of the
corner to maintain a constant size of its projection. The results ob-
tained in the experiments demonstrated at least 75% discrepancy
with the theoretical predictions, therefore, an additional assump-
tion have been made: both virtual corner size and picture plane
size are simultaneously available, and reproduced size of illusory
ﬁgure is a weighted compromise of the two sources of information.
In the present study, a reduce of illusion magnitude with the
tilting of the Müller–Lyer wings was also obtained, but a direct
comparison of our results with that of Redding and colleagues is
hardly possible. In Redding’s experiments, both the lengths and an-
gles of the wings of the Müller–Lyer ﬁgures have been varied in
accordance with the requirements of projective transformations
of the virtual corners, whereas in our present experiments with
the Brentano ﬁgures only the mutual orientations of the ﬂanks
were changing. However, if even the explanation proposed by
the ‘‘perspective” theory could be granted for the distracters of
the Müller–Lyer type, we ﬁnd it difﬁcult to answer whether the
theory provides any basis to account the results with essentially
‘‘no-corner” contextual ﬂanks – the arcs of a circle – which were
used in our experiments. Also, it seems the ‘‘perspective” theory of-
fers no explanation why ﬂanks tilted at angles / and 180  /
(Fig. 2, two upper rows), cause the illusory effects as same as those
obtained with the ﬂanks tilted at / and 180 + / (Fig. 2, two lower
rows). Our present approach provides a rather simple uniﬁed
explanation of these experimental results, and the similarity of
patterns of experimental data for wings and arcs serves in favor
of an assumption on the same underlying illusory mechanism –
the perceptual positional shifts of the stimulus terminators toward
the centroids of adjacent distracters. We believe that the effects of
centroid extraction are powerful enough to be considered as one of
the main causes of illusions investigated and expect that the prin-
ciples underlying our modeling (Bulatov et al., 2010) are sufﬁ-
ciently general to be accounted and for results of Redding’s
experiments.
In conclusion, considering the spatial integration of neural acti-
vations evoked by the neighboring stimulus parts as physiologi-
cally relevant model of illusions of extent, one should note, that
the ‘‘centroid” concept looks still more preferable due to biological
signiﬁcance of the mechanism of the automatic centroid extraction
which enables fast and reliable estimation of location of visual ob-
jects in the scenery independently of their size and shape complex-
ity (Morgan et al., 1990). The advantages offered by the mechanism
of centroid extraction considerably outweigh the losses in the posi-
tional acuity that manifest themselves in the form of illusions of
extent.
References
Badcock, D. R., Hess, R. F., & Dobbins, K. (1996). Localization of element clusters:
Multiple cues. Vision Research, 36, 1467–1472.
Barrow, H. G., & Tenenbaum, J. M. (1981). Interpreting line drawings as three-
dimensional surfaces. Artiﬁcial Intelligence, 17, 75–116.
Bertulis, A., Bulatov, A., & Bielevicius, A. (2008). Inﬂuence of distracter on perceived
stimulus length and angle size. Psichologija (Vilnius), 38, 29–39.
Binsted, G., & Elliot, D. (1999). The Müller–Lyer illusion as a perturbation to the
saccadic system. Human Movement Science, 18, 103–117.Bocheva, N., & Mitrani, L. (1993). Model for visual localization. Acta Neurobiologiae
Experimentalis (Warsaw), 53, 377–384.
Bulatov, A., Bertulis, A., Bielevicius, A., & Loginovich, Y. (2009a). Distracter inﬂuence
on the right angle perception. Zhurnal Vysshei Nervnoi Deiatelnosti Imeni I P
Pavlova, 59, 259–268.
Bulatov, A., Bertulis, A., Bulatova, N., & Loginovich, Y. (2009b). Centroid extraction
and illusions of extent with different contextual ﬂanks. Acta Neurobiologiae
Experimentalis (Warsaw), 69, 504–525.
Bulatov, A., Bertulis, A., Gutauskas, A., Mickiene, L., & Kadziene, G. (2010). Center-of-
mass alterations and visual illusions of extent. Biological Cybernetics, 102,
475–487.
DeLucia, P. R., Longmire, S. P., & Kennish, J. (1994). Diamond-winged variants of the
Müller–Lyer ﬁgure: A test of Virsu’s (1971) centroid theory. Perception &
Psychophysics, 55, 287–295.
Gillam, B. (1998). Illusions at century’s end. In J. Hochberg (Ed.), Perception and
cognition at century’s end (pp. 95–136). San Diego: Academic Press.
Glister, R., & Kuhtz-Buschbeck, J. P. (2010). The Müller–Lyer illusion: Investigation
of a center of gravity effect on the amplitudes of saccades. Journal of Vision, 10,
1–13.
Gregory, R. L. (1968). Visual illusions. Scientiﬁc American, 219, 66–67.
Hirsch, J., & Mjolsness, E. (1992). A center-of-mass computation describes the
precision of random dot displacement discrimination. Vision Research, 32,
335–346.
McGraw, P. V., Whitaker, D., Badcock, D. R., & Skillen, J. (2003). Neither here nor
there: Localizing conﬂicting visual attributes. Journal of Vision, 3, 265–273.
Morgan, M. J. (1999). The Poggendorf illusion: A bias in the estimation of the
orientation of virtual lines by second-stage ﬁlters. Vision Research, 39,
2361–2380.
Morgan, M. J. (2010). Features and ‘‘primal sketch”. Vision Research(2). doi:10.1016/
j.visres.2010.08.002..
Morgan, M. J., & Aiba, T. S. (1985). Positional acuity with chromatic stimuli. Vision
Research, 25, 689–695.
Morgan, M. J., & Glennerster, A. (1991). Efﬁciency of locating centers of dot-clusters
by human observers. Vision Research, 31, 2075–2083.
Morgan, M. J., Hole, G. J., & Glennerster, A. (1990). Biases and sensitivities in
geometrical illusions. Vision Research, 30, 1793–1810.
Nanay, B. (2009). Shape constancy, not size constancy: A (partial) explanation for
the Müller–Lyer illusion. In N. A. Taatgen & H. van Rijn (Eds.), Proceedings of the
31st Annual Conference of the Cognitive Science Society (pp. 579–584). Mahwah,
NJ: Lawrence Erlbaum.
Nichols, A. L., & Kennedy, J. M. (1993). Angular subtense effects on perception of
polar and parallel projections of cubes. Perception and Psychophysics, 54,
763–772.
Post, R. B., Welch, R. B., & Cauﬁeld, K. (1998). Relative spatial expansion and
contraction within the Müller–Lyer and Judd illusions. Perception, 27, 827–838.
Redding, G.M., Parkinson, S.L. (2002). Contributions of virtual corner size and
picture plane size to the Müller–Lyer fork junction illusion. Presentation at the
Meeting of the Midwestern Psychological Association, Chicago.
Redding, G. M., & Hawley, E. A. (1993). Length illusion in fractional Müller–Lyer
stimuli: An object-perception approach. Perception, 22, 819–828.
Redding, G. M., Kramen, A. J., & Hankins, J. L. (1997). The Müller–Lyer illusion as a
consequence of picture perception. In M. A. Schmuckler & J. M. Kennedy (Eds.),
Studies in perception and action IV (pp. 11–14). Mahwah, NJ: Lawrence Erlbaum
Associates.
Searleman, A., Porac, C., & Brzuszkiewicz, L. (2003). Changing the strength of the
horizontal/vertical illusion by altering the placement of the functional fovea.
Baltimore, MD: Poster presented at the Eastern Psychological Association.
Searleman, A., Porac, C., Dafoe, C., & Hetzel, B. (2005). Altering Mueller–Lyer illusion
magnitude using ﬁgural additions at the wing–shaft intersections. American
Journal of Psychology, 118, 619–637.
Searleman, A., Porac, C., & Sherman, M. (2004).Manipulating the strength of the Ponzo
illusion by controlling the position of the functional fovea. Washington, DC: Poster
presented at the Eastern Psychological Association.
Seizova-Cajic, T., & Gillam, B. (2006). Biases in judgments of separation and
orientation elements belonging to different clusters. Vision Research, 46,
2525–2534.
Ward, R., Casco, C., & Watt, R. J. (1985). The location of noisy visual stimuli. Canadian
Journal of Psychology, 39, 387–399.
Welch, R. B., Post, R. B., Lum, W., & Prinzmetal, W. (2004). The relationship between
perceived length and egocentric location in Müller–Lyer ﬁgures with one versus
two chevrons. Perception & Psychophysics, 66, 1095–1104.
Whitaker, D., & McGraw, P. V. (1998). The effect of suprathreshold contrast on
stimulus centroid and its implications for the perceived location of objects.
Vision Research, 38(22), 3591–3599.
Whitaker, D., McGraw, P. V., Pacey, I., & Barrett, B. T. (1996). Centroid analysis
predicts visual localization of ﬁrst- and second-order stimuli. Vision Research,
36, 2957–2970.
Whitaker, D., & Walker, H. (1988). Centroid evaluation in the vernier alignment of
random dot clusters. Vision Research, 28, 777–784.
Zanker, J. M., & Abdullah, A. K. (2004). Are size illusions in simple line drawings
affected by shading? Perception, 33, 1475–1482.
